This paper presents a general steady-state analysis and proposes a minimal compensating voltage (MCV) control scheme for the second generation of electric springs (ES-2) in the power system with substantial penetration of intermittent renewable energy sources. For the steady-state analysis, the relationship among the fluctuating part of the supply voltage, the voltage at the point of common-coupling (PCC), and the compensating voltage provided by ES-2 is derived, which implies that the phase angle related to the PCC voltage can be used as a degree of freedom for the control design to obtain a minimal compensating voltage in a given system. Such a fact is utilized in the control design to obtain the reference of PCC voltage by tuning the above-mentioned phase angle. Once the phase angle of the PCC voltage is chosen, the maximal compensating voltage can be estimated based on the fluctuating part of the supply voltage which can be estimated a priori. Such a fact can be used to design suitable electric springs with appropriate compensating capacity to avoid overcapacity. Numerical simulations are conducted to verify the effectiveness of the steady-state analysis and the proposed control scheme for ES-2.
Introduction
In recent years, due to the energy crisis and the increasingly severe environmental issues, renewable energy sources are attracting more and more attention. Nowadays, wind [1] [2] [3] and solar energies are the two most widely used renewable energy sources for distributed generation [4] [5] [6] . However, due to the highly intermittent and unpredictable natures, renewable energy power generation brings a series of challenges to the power grid. Imbalance between the power supply and demand is one of the most prominent problems [7] , which will cause the fluctuations of frequencies and voltages. Therefore, demand-side management has become a significant topic in the smart grid with intermittent renewable energy sources [8, 9] .
Electric spring (ES) was first introduced in 2012 as a new generation of smart grid [10, 11] technology aiming to automatically balance the power generation and load demand without relying on the information and communication technology [12] . Generally speaking, ESs can be mainly divided into two categories. The first type called ES-1 works as a purely reactive power compensator to regulate the PCC voltage, while keeping the power consumption at the load side to be consistent with the power generation in real time. Examples of relevant research work on ES-1 are as follows. Dynamic modeling of ES and the influence of load ratios on compensation effects are described in [13] . Hardware and control implementation based on theoretical analysis are illustrated in [14] . Droop control and consensus control used to regulate the voltage by distributed ESs in the future smart grid are introduced in [15] and [16] , respectively. However, just as a physical spring has limits for tension and compression, ES-1 also has its own compensation limits, exceeding which ES-1 will be invalidated. ES-2, which can provide six more operating modes in addition to the capacitive and inductive modes [17] , can make up for these shortcomings. The difference in the topological structure between ES-1 and ES-2 is that the DC-link capacity in ES-1 is replaced by energy storage systems (such as batteries) on the DC side of the inverter in ES-2, thus the voltage phase angle of ES-2 is not restricted to be 90 degrees with respect to its current. At present, some research results of theoretical analysis and control schemes for ES-2 have been obtained. Regulating voltage and improving power quality (e.g., power factor correction and harmonics reduction) at the same time by ES-2 are introduced in [18] , which are not possible with ES-1. In [19] , a novel control strategy named control is proposed to obtain the instantaneous phase of PCC voltage to achieve specific power factor correction and constant power compensation. In [20] , a radial-chordal decomposition (RCD) approach for ES-2 to regulate the PCC voltage is introduced, which can concurrently realize power factor correction by independent control of active and reactive powers.
However, these control strategies ignore the effect on ES-2 its own output value while focusing on the compensation functions. Note that it is meaningful to avoid overcapacity in terms of cost reduction in practice, and for ES-2, the relationship among the fluctuating part of the supply voltage, the PCC voltage, and the voltage provided by ES-2 is significant for determining the compensation capacity of electric springs. Therefore, in this paper, a general steadystate analysis for ES-2 is carried out to algebraically derive this relationship, which is depicted in a vector diagram. Based on the vector diagram, the detailed impact on compensating voltage caused by the fluctuating part of the supply voltage and a specific phase angle related to the PCC voltage is analyzed. Moreover, a control strategy to obtain the minimal compensating voltage (MCV) is proposed, the effectiveness of which is demonstrated by numerical simulations. These constitute the main contributions of this paper.
The rest of this paper is organized as follows. In Section 2, the operating principle of ES for the future smart grid is described. Sections 3 and 4 analyze the steady-state based on the vector diagram and propose a control scheme for ES-2, respectively. Numerical simulations are presented in Section 5 to verify the effectiveness of the analysis and the control scheme. Section 6 draws the conclusions. Figure 1 shows a simplified schematic of the power system that is composed of an ES, noncritical loads, critical loads, a fluctuating AC voltage source, and transmission lines. One thing to note is that the noncritical loads can withstand a wide range of voltage fluctuation, while the critical loads are sensitive to voltage fluctuation. The ES shown in the red dashed box of Figure 1 mainly consists of an energy storage system (represented by batteries), a single-phase inverter [21] [22] [23] [24] [25] [26] , and an LC filter as a second-order low-pass filter to reduce the switching harmonics. The output of the ES is connected to the noncritical load to form a smart load. The critical load and the smart load connect to the supply voltage source through the line impedance 1 . The voltages across the noncritical load and the filter capacitor are represented as V and V , respectively. denotes the current flowing through the noncritical load. The supply voltage source denoted by in Figure 1 can be represented as follows:
Operation Principles of Electric Springs
where represents the voltage corresponding to the power generated by the power plant, which is stable and controllable, while Δ denotes the fluctuating part of the supply voltage caused by intermittent renewable energy sources, which is unstable and unpredictable. As the proportion of renewable energy connected to the power grid increases, Δ will increase correspondingly. Due to the requirements of being grid-connected, and Δ will have the same frequency and phase angle.
Because of the randomness of renewable energy, the power delivered to the network is unstable. When exceeding the demand, the PCC voltage will be over the rated value, vice versa. For a change in Δ , ES will provide a corresponding compensating voltage V to keep the PCC voltage stable. In this way, the power generation and load demand can be balanced automatically, which is different from the existing control paradigm that the power generation should follow load demand.
Note that the ES-2 as shown in Figure 1 is equipped with batteries on the DC side of the inverter. The phase angle of the voltage provided by ES-2 is not limited to 90 degrees (lag or lead) with respect to the phase angle of . Therefore, active power can be provided in addition to reactive power. And for this reason, ES-2 has a larger compensation rang compared to ES-1. Consequently, new control strategies are required due to the structural change mentioned above, which will be described in detail in Section 4.
Steady-State Analysis of Electric Springs for Minimal Compensating Voltage
From Figure 1 and Kirchhoff 's voltage and current laws, one obtains
where 1 and 1 are the equivalent resistance and inductance of the transmission lines, respectively. Solving (1)- (3), one obtains
where 1 and 2 are determined by the parameters of the circuit elements which can be treated as constant values for a given system. Equation (5) can be represented in the phasor form as
where and are the magnitude and the displacement angle of ( = 1, 2), respectively. , , , and Δ are the root-mean-square (RMS) values of V , V , , and Δ , respectively, and , 1 , and 3 are the phase angles of V , V , and , respectively. Δ denotes the difference between and , which is related to 3 and 1 due to the fact that 1 and 2 are constants in a given system. The vector diagram among V , 1 , 1 Δ , and 2 V is depicted in Figure 2 . Since the PCC voltage (i.e., V ) is maintained at its nominal reference level (e.g., 220 V), then 2 is a constant as the circle 1 showed in Figure 2 . Similarly, 1 on the circle 2 represented by the solid line OA can be treated as a constant as well. The fluctuating part of the source voltage (Δ ) multiplied by 1 is represented by the dashed line AB. For a constant Δ , if 1 Δ changes from point A to point B, the compensating voltage V will change from line OC to line OD, correspondingly. From Figure 2 , one sees that Δ , Δ are the two essential factors for V . Especially, if Δ = 0, namely, 1 and 2 V have the same phase angle, a maximal will be obtained as shown in Figure 3 To quantitatively show the influence of Δ and Δ on , the parameters in Table 1 are employed. A three-dimensional representation among Δ , Δ , and is given in Figure 4 , where one sees that the minimal value of is obtained at Δ = . Table 2 shows some representative values of Δ , Δ and the corresponding based on the parameters in Table 1 . One sees that is highly influenced by Δ . For example, when Δ changes from to 0, the variation percentages of are up to 2177.64 for the cases Δ =0. All the variation percentages shown in Table 2 In conclusion, Δ has a significant influence on . In other words, is so sensitive to the phase angle 1 , which implies that the phase angle of V − should be carefully selected when designing the proper control law for ES-2. If an appropriate phase angle has been chosen, then is only determined by Δ . Since the proportion of the intermittent renewable source injected to the power grid is limited, Δ will fluctuate within a certain range. Once Δ can be estimated in advance, the required voltage can also be estimated. This provides guidelines for designing suitable ESs with appropriate compensating capabilities to avoid overcapacity.
Control Design for ES-2
The aim of control design is to minimize the error between the PCC voltage and its reference V − by a minimal ES voltage. In this paper, to show the effectiveness of the analysis in the Section 3, a minimal compensating voltage (MCV) based control strategy is proposed for ES-2 and a proportional resonant (PR) controller is employed because of the characteristic that PR control can track a sinusoidal signal with a zero steady-state error. Figure 5 shows the system block diagram, where the red dotted box at the bottom of the figure shows how to obtain the reference signal V − . As can be seen from the steadystate analysis in Section 3, the magnitude of V is related to Δ and Δ , so Δ can be treated as a degree of freedom for control design to obtain a minimal value of . Since Δ is related to the phase angle of V (see (9)- (11)), the key point of the proposed control strategy is transformed to select an appropriate phase angle of V − . The supply voltage signal is obtained by a sensor, and a single-phase lock loop (PLL) is used to acquire its phase angle 3 . Then 1 can be calculated through (9)-(11) based on the circuit parameters and 3 . One remark is that the value of arctan function belongs to the interval (− /2, /2), which is corresponding to the argument of a complex number whose real part is positive. If the real part of the complex number is negative, then one need to add when calculating the argument of a complex number, where care should be taken when calculating 1 and 2 . Thus, the complete reference signal can be obtained by combining the magnitude − and the phase angle 1 . The expression of the PR controller used in this paper is as follows:
where is the angular frequency of the grid and and are the proportionality coefficient and resonance coefficient, respectively.
Equation (14) is an ideal PR controller, which has an infinite gain at angular frequency , but no phase transition and gain at other frequencies. Therefore, it can realize tracking a sinusoidal signal without any steady-state error. For this reason, a PR controller is introduced to regulate the PCC voltage (V ) to its reference level by driving the difference between reference voltage V − and measured voltage V to zero. In addition to PR control, many other control methods, such as sliding-mode control [28, 29] , robust control [30] , model predictive control [31, 32] , and event-triggered control [33] can also be considered in future studies based on the control strategy mentioned above.
Simulations and Discussions
To double verify the effectiveness of the aforementioned analysis and the MCV control strategy, simulations are conducted by using MATLAB/Simulink and LabVIEW/PXI based on the parameters shown in Table 1 . Without loss of generality, the RMS of V is assumed to be 220 V.
. . e Simulations Conducted on MATLAB/Simulink . . . Voltage Support Mode with ΔU = V. In this case study, the effect of different Δ on for voltage boosting is investigated. Δ is set 0 to simulate insufficient output of power generation, so it can be seen that the RMS of the line voltage V is less than 220 V with the ES-2 deactivated from Figure 6 . In order to restore back to 220 V, ES-2 should play the role of voltage support. In the voltage support mode, different values of Δ are employed to verify the influence of Δ on . The RMS of the compensating voltage V provided by ES-2 to regulate at 220 V are considerably different as shown in Figure 7 for different Δ , which are consistent with the algebraic calculations shown in Table 2 . Taking the red line shown in Figure 7 as an example, the RMS is about 4600 V in the steady-state which is consistent with the value obtained from (13). V with ES-2 deactivated. However, under the action of the ES-2, is effectively controlled at 220 V. Similarly, for different Δ , the compensating voltage injected to the power system is considerably different as shown in Figure 9 . The simulation results correspond to the analyses mentioned in Section 3. As previously mentioned, for ES-1, the compensating capability is limited [19] . For example, by using the parameters in Table 1 , it has been described in [27] that the variation range of is 215.8 V to 236.7 V, which means that, if is out of the range mentioned above, ES-1 cannot regulate at 220 V. When Δ = 0 V, that is to say is 210 V, one can intuitively see that ES-1 can just adjust the voltage to 214 V as shown in Figure 10 . Similarly, when Δ = 30 V, which means that the supply voltage is higher than the upper compensation limit of ES-1, ES-1 can just adjust the voltage to 223 V in the best case. Such a fact indicates that ES-2 has a larger compensation range than ES-1. In some cases where the voltage fluctuation is large, ES-1 may fail to regulate the line voltage V , whereas ES-2 does.
. . . ES-vs ES-within the Effective Regulation Range of ES-.
In this case study, ES voltage, compensation modes, The simulation results not only verify the effectiveness of the steady-state analysis and the MCV control scheme, but also show that ES-2 has a remarkable ability to regulate the PCC voltage. Theoretically, ES-2 has a wider range of compensation with respect to ES-1, in the sense that for any Δ , there always exists a corresponding to regulate at its nominal level. In addition to this, the ES-2 voltage is less than the ES-1 voltage within the effective regulation range of ES-1 at the expense of some real power. and 13(f), respectively. The results of the HIL simulations and the Matlab simulations as well as the theoretical calculations are basically consistent, which means that V is extremely sensitive to Δ . Moreover, it further indicates the necessity of MCV control strategy for ES-2 to regulate the line voltage due to the fact that DC side voltage of ES-2 is constrained.
. . . Comparing ES-with ES-out of the Effective Regulation
Range of ES-. From the perspective of power electronics, ES-1 is a special reactive power compensator used to regulate the line voltage in the future smart grid with multiple renewable energy sources. However, due to the limitation of its compensation modes, only reactive power is exchanged with the power grid; thus ES-1 has compensation limits. In other words, once the supply voltage changes beyond a certain range, ES-1 will fail. With the introduction of real power for voltage regulation, ES-2 can well overcome this disadvantage. In this case study, the supply voltage is set at = 240 V, which is out of the effective regulation range of ES-1. Figures 14(a) is in inductive compensation mode, while ES-2 is in negative resistive plus inductive compensation mode as shown in Figure 14(d) . 
. . . ES-and ES-for Voltage Boosting within the Effective

. . . ES-and ES-for Voltage Suppression within the Effective
Regulation Range of ES-. Similar to the voltage boosting mode, ES-1 and ES-2 are compared for voltage suppression within the effective regulation range of ES-1 in this case study. The supply voltage is set at = 236 V, which is within the effective regulation range of ES-1 and used to simulate overvoltage conditions. As can be seen from Figure 16 corresponding ES-1 voltage is shown in Figure 16 (b). ES-2 works in negative resistive plus inductive compensation mode based on the MCV control strategy as shown in Figure 16 (c), while its output voltage injected to the power grid is shown in Figure 16 (d). In the same way, ES-2 based on the MCV control strategy has a smaller output voltage relative to ES-1.
Conclusion
ES-1 has compensation limits because of the constraints of its structure, while ES-2 can effectively remedy this defect at the expense of injecting real power. In this paper, ES-1 and ES-2 were compared in detail within and out of the effective regulation range. Moreover, for ES-2, the steadystate analysis was provided and a PR-based MCV control strategy was proposed to regulate the PCC voltage. For steady-state analysis, the relationship among the fluctuating part of the supply voltage, the PCC voltage, and the compensating voltage provided by ES-2 was derived, which implied that the phase angle of the PCC voltage could be used as a degree of freedom for control design to obtain a minimal compensating voltage in a given system. Once the phase angle of the PCC voltage was chosen, the maximal compensating voltage could be estimated based on the fluctuating part of the supply voltage which could be estimated a priori. Such a fact could be used for designing suitable electric springs with appropriate compensating capacity. Numerical simulations were conducted to demonstrate the effectiveness of the steady-state analysis and the control scheme.
Data Availability
All data can be accessed in the Simulation Studies section of this article.
